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A unique technique has been proposed to realize rectification magnetoresistance (RMR) by
combining a commercial diode and a magnetoresistance component in parallel. The observed
RMR could be greatly tuned in a wide range by applying direct current and alternating current
simultaneously to the device. Moreover, a quantitative theoretical model has been established,
which well explained both the observed RMR and the electrical manipulation behavior. The
highly tunable RMR and the correlated magnetoelectric functionalities provide an alternative
route for developing multi-functional spintronics devices. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4968784]

In order to satisfy the ever-increasing demand for high
data processing speed, low power consumption, and high
integration densities in information storage and processing
technology, various spintronics devices have been widely
explored. Among them, the multi-functional devices with
fascinating magnetoelectric coupling have attracted increasing attention for their ability to realize electrical manipulation of magnetism and magneto-transport properties. For
example, as a result of the spin transfer torque effect, spin
polarization current has been demonstrated as an efficient
method to reverse the magnetic moment1–3 and to drive
domain wall motion,4 which has promising applications in
magnetic random access memories (MRAMs) and racetrack
memories.5 In the meantime, multiferroic composites that
exhibit more than one ferroic order have been widely investigated because of their intricate magnetoelectric coupling or
magnetostrictive coupling.6–10 In fact, exciting progress has
been achieved, where electrical manipulation of the saturation magnetization, Curie temperature, magnetic anisotropy,
and exchange bias has been demonstrated as a result of the
electrical field dependent charge accumulation, orbital reconstruction, and/or interfacial exchange coupling.11–16
Furthermore, voltage driven reversible ion migration could
lead to promising non-volatile controlling of magnetism and
resistance.17–20
Recently, a promising rectification magnetoresistance
(RMR) was reported in nonmagnetic Al/Ge Schottky heterojunctions,21 i.e., the application of a pure alternating current
(AC) can generate a significant direct current (DC) voltage
which varies with the external magnetic field. The discovery
of the RMR effect not only adds a new-member to the longhistorical magnetoresistance (MR) family but also provides
an alternative approach to realize functional spintronics
a)
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devices by using alternating current. In principle, RMR
requires that the rectification effect and MR effect coexist in
one device, so it is expected to exist in p-n junctions, n-n
junctions, and Schottky diodes with large MR effect22,23 and
magnetic tunnel junctions with the asymmetric barrier.24
Although the rectifying property and remarkable positive
MR have been observed separately in La0.33Ca0.67MnO3/
NbSrTiO3 heterojunctions,23 the possible larger rectification
magnetoresistance was not studied. Moreover, the remarkable MR is only found at low temperature and under certain
bias voltage in these n-n junctions, which limits their practical application. For realistic applications, room temperature
operation, multi-degree of freedom control, and compatibility with current semiconductor technology are preferred.
Here, we proposed a unique technique to realize RMR
by parallel connection of a commercial diode and a magnetoresistance component, both of which are fundamental electric elements in modern electronic industry. Furthermore, it
is found that the room temperature RMR of the fabricated
device is greatly tuned from 11 300% to 13 500% by
applying DC and AC simultaneously. A quantitative theoretical model was established by using physical parameters of
the individual diode and MR component, which well
explained the experimentally observed RMR. The state-ofthe-art technique could be used to develop multi-functional
spintronic devices by using conventional fundamental electric elements.
In our experiments, we used Zn0.3Co0.7O amorphous
magnetic semiconductor (ZnCoO) films as an example of the
magnetoresistance component, which were prepared on glass
substrates by an alternating sputtering technique.25 The
ZnCoO film of 60 nm in thickness was cut into a stripe with
4 mm in length and 2 mm in width. The rectification component is a commercial Schottky diode (1N5817) with a typical
junction capacitance of 110 pF. The RMR devices were fabricated by combining the Schottky diode and ZnCoO film in
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parallel. The RMR and electrical manipulation of RMR were
measured by using the Keithley 6221 AC current source to
provide a sinusoidal AC input with/without DC offset and a
Keithley 2182A voltmeter to detect the generated DC voltage. The current versus voltage (I–V) curves and conventional MR were measured with a Keithley 2400 DC current
source and a Keithley 2182A voltmeter. All the transport
properties were measured by using the two-point method
with the external magnetic field applied in the film plane and
parallel to the current direction.
Figure 1(a) shows the room temperature I–V curves of
the ZnCoO film measured under different magnetic fields.
Linear I–V curves were observed and the slope of I–V curves
increases slightly with increasing magnetic field, revealing
the absence of rectification effect and the existence of the
MR effect. As shown in Fig. 1(b), a negative conventional
MR (5%) originated from the spin dependent hopping25
was observed, and the rectification voltage was zero for
AC ¼ 10 lA. This unambiguously indicates that only the MR

FIG. 1. (a) The experimental and theoretical fitting I–V curves of the
ZnCoO film. (b) The conventional MR measured under DC ¼ 10 lA and
magnetic field dependent rectification voltage of the ZnCoO film measured
under AC ¼ 10 lA. (c) The experimental I–V curve of the commercial
diode. The inset in (c) shows the theoretical fitting to the I–V curve of the
commercial diode.
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effect without the rectification effect cannot induce any
0
RMR. Here, MR is always defined as MR ¼ VHVV
 100%,
H
where VH and V0 are the DC voltage detected with and without the applied magnetic field, respectively. In Fig. 1(c),
the transport properties of the commercial diode have been
characterized, where obvious rectification behavior with a
forward opening voltage of 0.1 V and a reverse breakdown
voltage of 30 V is observed.
In order to combine the rectification and MR effect, the
ZnCoO film and commercial diode were connected in parallel to form a RMR device as schematically shown in the inset
of Fig. 2(a). The non-linear I–V curves of the studied RMR
device are shown in Fig. 2(a). Significant asymmetry for the
positive and negative branch of I–V curves indicates the
existence of rectifying behavior. Meanwhile, the voltage
measured at 6 T magnetic field is smaller than that measured
without magnetic field, revealing the existence of the MR
effect. Fig. 2(b) further shows the conventional DC MR measured under DC ¼ 610 lA. It is obvious that both the absolute value of the detected voltage and the MR ratio are
different from each other, which is consistent with the asymmetrical I–V curves. Fig. 2(c) shows one of the most intriguing parts of current investigation, i.e., a 13.3% RMR was

FIG. 2. (a) The experimental and theoretical simulated I–V curves of the
RMR device. (b) The conventional MR of the RMR device. (c) The magnetic field dependent rectification voltage of the RMR device measured
under fixed AC current ¼ 10 lA.
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observed under AC ¼ 10 lA, which is a larger change than
the conventional MR of the ZnCoO film (5%).
To realize electrical control of magnetotransport properties, we have applied AC and DC current simultaneously to
the studied RMR devices. Fig. 3(a) shows the dependence of
the detected voltage on the DC offset current measured under
fixed AC ¼ 100 lA and different magnetic fields. Different
from the DC I–V curves in Fig. 2(a) where V ¼ 0 at I ¼ 0,
the I–V curves mixed with the AC component show
60.81 mV rectification voltage at I ¼ 0. Moreover, the rectification voltage at a fixed current depends on the magnetic
field, indicating the obvious MR effect. The great modulation of magnetotransport properties of the RMR devices is
further revealed in Fig. 3(b). The rectifying voltage represents the average outcome of the corresponding real time
voltage over the time period of the applied alternating current, while under the application of a pure direct current, the
detected conventional voltage drop always follow the current
flow direction. Hence, the total detected rectification voltage

can change from negative to positive with increasing DC offset though the shape of RMR curves remains nearly
unchanged. By controlling the applied DC and AC, the VH
could be tuned to near zero, which leads to the great
enhancement of the detected magnetoresistance. As summarized in Fig. 3(c), not only extremely large RMR could be
obtained but also the sign of the RMR could be reversed by
changing the DC offset. The RMR ratio at a fixed AC of
100 lA is 11 300% when DC offset ¼ 30.71 lA, while it is
13 500% when DC offset ¼ 30.75 lA.
Fig. 4(a) shows the room temperature AC current amplitude dependence of the RMR at the fixed frequency of 1
kHz. The RMR ratio decreases with the increasing AC
amplitude and gradually tends to the conventional MR. It is
clear that the RMR is larger than the conventional MR in a
large current range from 10 lA to 1 mA. To investigate the
frequency dependence of RMR, we built a half-wave rectifying circuit. As shown in the inset of Fig. 4(b), the load resistance consisted of a 1 MX resistor and 100 nF capacitive
load in parallel, which serve as both a low-pass filter and a
DC load. A 50 X resistor to ground was used at the input for
transmission-line termination. We applied an AC voltage
with a 1 V peak-to-peak value to the input terminal and measured the rectification voltage in the output terminal by varying the frequency. Fig. 4(b) shows the frequency dependence
of the detected rectification voltage. For commercial diodes,
the rectification voltage is constant at 0.2 V between 5 kHz
and 5 MHz. Meanwhile, the rectification voltage is constant
at 0.1 V between 5 kHz and 7 MHz for the RMR device,

FIG. 3. (a) The experimental and theoretical simulated I–V curves mixed
with the AC component. (b) The magnetic field dependent rectification voltage measured under fixed AC and variable DC offset. (c) The experimental
and theoretical simulated DC offset dependence of the deduced MR from
(a). Inset in (a) shows simulated time dependent voltage in one period under
AC amplitude ¼ 100 lA, f ¼ 1 kHz, and DC offset ¼ 0 lA.

FIG. 4. (a) The experimental and theoretical simulated current amplitude
dependence of the RMR (marked as AC). As a comparison, the experimental
and theoretical simulated conventional MR (marked as DC) was shown. (b)
The frequency dependent rectification voltage for the commercial diode and
RMR device measured under Vp-p of 1 V. The half-wave rectifier circuit
setup is schematically shown in the inset in (b).
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revealing that the work frequency of the RMR device is high
up to 7 MHz. Here, two points are worthy of mention. First
of all, the diminution of rectification voltage in the RMR
device is due to the decreasing asymmetry of device resistance between positive and negative applied current.
Secondly, the cutoff frequency of the RMR device slightly
increases up to 7 MHz compared with that of the commercial
diode. The cutoff frequency of the diode could be described
by
1
;
fc ¼
2pRs CJ

(1)

where Rs and CJ , respectively, represent the series resistance
and junction capacitance. According to the I–V curve of the
RMR device in Fig. 2(a), the parallel resistance of the RMR
device is smaller than that of the commercial diode, which
results in a slight increase of the cutoff frequency.
In order to clarify the mechanism of the RMR device
and realize quantitative description, a theoretical model was
established. As shown in Fig. 1(a), the linear I–V curves of
the ZnCoO film obey Ohm’s law and can be well fitted by
the equation
IM ðtÞ ¼ GðHÞ  VðtÞ:

(2)

Here, GðHÞ varies with the applied magnetic field and
describes the magnetoresistance of the ZnCoO film. The fitting
parameters Gð0TÞ ¼ 0:3005  103 X1 and Gð6TÞ ¼ 0:3156
103 X1 represent the conductance under 0 T and 6 T magnetic fields, respectively. As shown in the inset of Fig. 1(c), the
I–V curve of the commercial diode can be well fitted by the
exponential equation
ID ðtÞ ¼ Is ðeaVðtÞ  1Þ;

(3)

which is similar to the Shockley equation in the ideal p-n
junctions. Here, 1a ¼ nVT ¼ 2:6214  102 V, in which
VT ¼ kBqT ¼ 2:5852  102 V is the thermal voltage at 300 K
and n ¼ 1:014 is the ideality factor. Is ¼ 1:0628  106 A
represents the reverse saturation current. It is clear that
Equation (3) can well describe the rectification effect of a
diode without magnetoresistance.
Accordingly, the total current of the parallel circuit of
the ZnCoO film and diode can be described by the equation
IðtÞ ¼ IM ðtÞ þ ID ðtÞ ¼ Is ðeaVðtÞ  1Þ þ GðHÞ  VðtÞ:

(4)

In principle, all the information about MR and rectification
effect is included in Equation (4). In the meanwhile, the real
time current IðtÞ in our experiments was applied in the following form:
IðtÞ ¼ I1 sinð2pftÞ þ I2 :

(5)

In Equation (5), both the AC current I1 with frequency f and
the DC offset I2 are applied to the devices. Equation (5)
could reduce to pure AC current if I1 6¼ 0 and I2 ¼ 0, and
pure DC current if I1 ¼ 0 and I2 6¼ 0. By combining
Equations (4) and (5), we could get the time dependent voltage VðtÞ for any given current IðtÞ. As shown in the inset of
Fig. 3(a), the VðtÞ curves under 0 T and 6 T were simulated

by using the experimental parameters I1 ¼ 100 lA, I2 ¼ 0 lA,
and f ¼ 1 kHz.
The rectification voltage represents the average outcome
of the corresponding real time voltage VðtÞ over the time
period T of the applied AC current, i.e.,
ðT
 ¼ 1 VðtÞdt:
V
(6)
T 0
In this case, the rectification magnetoresistance can be
defined as
RMR ¼

VH  V0
 100%:
VH

(7)

Here, VH and V0 are the rectification voltage detected with
and without applied magnetic field, respectively. Combining
Equations (4)–(7), all the experimentally observed I–V
curves, RMR, and the electrical manipulation of RMR can
be well described, as shown in Figs. 2(a), 3(a), 3(c), and
4(a). One significant advantage of our engineered RMR
device is that we can design the rectification magnetoresistance only using the physical parameters of the single
diode and MR component. We could expect more amazing
functions, such as realizing nonvolatile memory by using
the tunneling magnetoresistance component and diode in
parallel, which provide an additional degree of freedom to
improve the device performance. However, some challenges need to be overcome before the realistic application
of the RMR effect, such as large thermal effect and integration problems. If we apply an alternating current of
100 lA to the studied devices, the maximum instantaneous
power is on the order of 10 lW. By optimizing both the
MR component and the commercial diode, it is possible to
further reduce the total resistance of the devices and hence
reduce the thermal effect, which invites further investigations and is beyond present study.
In summary, we not only demonstrate RMR by connecting a ZnCoO magnetoresistance film and a commercial diode
in parallel but also obtain remarkable modulation of RMR
from 11 300% to 13 500% by simultaneously applying AC
and DC to the device. Furthermore, a theoretical model was
established without introducing any adjustable parameters,
which can quantitatively describe the experimentally observed
RMR and electrical modulation of RMR. This work may provide an alternative approach to exploit emergent multifunctions in existing MRAMs, magnetic sensors, and magnetic
logic devices by introducing the RMR to modern integrated
circuits technology.
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